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Abstract

A simple analytical model has been developed to simulate the performance of solar cells with polysilicon contact on the front surface.
The polysilicon layer with a columnar grain structure is modeled by an effective recombination velocity using a two-dimensional
transport equation. A one-dimensional transport equation in the single-crystal emitter is solved, taking into account bulk recombination
and non-uniformly doped emitter. Then, simple analytical expressions for the emitter reverse saturation current and light-generated
current densities are obtained. The collection of the light-generated carriers in polysilicon layer has been discussed and an analytical
solution of the light-generated current is derived. The results show that the polysilicon layer can result in a decrease in emitter reverse
saturation current density and an increase in solar cell photovoltaic parameters. In fact, the emitter region should not be treated as a
‘dead layer’ because thin polysilicon layer front surface contact gives an improvement of about 60 mV for the open-circuit voltage,

3.6mA/em? for the photocurrent, and 3.9% for the cell efficiency.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The introduction of heavily doped polycrystalline silicon
for the emitter of bipolar transistor improves current gain
by a factor of 3-30 compared to the conventional bipolar
transistor [1-6]. Several theoretical models have been
proposed in the literature and it has been established that
this enhancement in current gain is due to the decrease in
the emitter reverse saturation current. It is expected [3,4]
that for the same reason the use of the polysilicon on the
front surface of a silicon solar cell may enhance the
photovoltaic parameters. Considerable amount of work
has been reported on the polysilicon emitter solar cell.
Green and Blakers [7] used the polysilicon contacts in
MINP structure and reported enhancement in the open-
circuit voltage. Subsequently, Garry Tarr [8] in 1985
fabricated solar cells with polysilicon on the top surface
of the emitter. Photocurrent densities in excess of
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30mA cm > were obtained and an open-circuit voltage of
652mV was achieved. Mehta [9] in 1986 presented an
analysis of the decrease in the emitter reverse saturation
current of a polysilicon emitter solar cell. He attributed this
decrease to the transport in the polysilicon layer which
assumes that polysilicon is formed by one grain character-
ized by some ‘average’ value of hole diffusion length and
mobility. Papadopoulos et al. [10] obtained a fill factor
close to 0.8 and achieved an open-circuit voltage of
665mV. The solar cell, having 0.15 um-thick emitter, gave
a higher total-area efficiency. More recently, in their
experimental studies, Castaner et al. [11] reported more
enhancement in open-circuit voltage and short circuit
current when the free oxidized surface at the polysilicon/
silicon interface was passivated. Tilak and Bhat [12]
showed that a better performance of polysilicon emitter
solar cells can be achieved when the polysilicon layer
thickness is about 0.2 um.

Thus, even though considerable amount of theoretical
work has been reported on the polysilicon emitter bipolar
transistors and solar cells, most of these works are based on
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Nomenclature
q electron charge
Vr thermal voltage

W W) single-crystal emitter thickness for solar cell
with (without) polysilicon contact
Wu(Wpoly) base (polysilicon) thickness

dy grain width

0 interfacial oxide thickness
Vs interface potential barrier
N, emitter surface doping level

Ny base doping level

Sm(Sn) front (back) surface recombination velocity

Sis(Sip) hole recombination velocity at single-crystal
emitter (polysilicon) side

Ti(Tip) interface blocking factor on the single-crystal
(on the polysilicon) side

Ve hole recombination velocity at the grain
boundary

Spoly(Smono) €effective recombination velocity relative to
the polysilicon (single-crystal emitter) region

Spert(Smefr) effective recombination velocity at poly/
mono-interface calculated from the single-
crystal emitter (the polysilicon emitter)

po(»)  hole concentration at equilibrium

App excess hole density at the dark in the polysilicon
region

Joem(JoEp) emitter reverse saturation current density
for metal (polysilicon) contact emitter solar cell

JoB base reverse saturation current density solar cell

Jooly,p injected current density at the dark in the
polysilicon region

o silicon absorption coefficient
r, photon flux density

Ve open-circuit voltage

n(%)  conversion efficiency

Dyi(Ly1) hole diffusion coefficient (length) in the
monocrystalline grain

(Dp2)tp2 hole diffusion coefficient (lifetime) in the single-
crystal emitter region

Dep(tepr)average hole diffusion coefficient (lifetime) in
the single-crystal emitter

Legr average hole diffusion length in the single-
crystal emitter

ApL light-generated excess hole density in the
polysilicon

ne light-generated normalized excess hole density

in the single-crystal emitter

light-generated hole current density in the total

emitter region

JoLE poly(JpLEmono) light-generated hole current density
in the polysilicon (single-crystal) emitter

JpLE0poly light-generated hole current density in the
polysilicon when Apj @ gy =0

Jort,p(JpLT M) total light-generated current density for
polysilicon (metal) contact emitter solar cell

JoLEP

AJprLt Increase in total light-generated current density

F,_, poly/oxide factor

P.p maximum output power of polysilicon emitter
solar cell

Vimp(Jmp) voltage (current density) at maximum power
output

P, incident power for 1 Sun AMI1

simplified assumptions which may limit their applicability.
In most cases, either the recombination in the single-crystal
emitter is neglected [1,2,13] or a simplified model for the
transport in the polysilicon is assumed, or the grain
boundaries are considered to be parallel to the n—p
junction [1-4,13-16].

The aim of this paper is to present a comprehensive
analytical model to improve the photovoltaic parameters
of solar cells with polysilicon contact on the front surface.
The present analysis is based on the effective recombina-
tion velocity (ERV) method, and further extends and
adjusts the works carried out in Refs. [14,16].

In the polysilicon region, the grain boundaries are taken
perpendicular to the n—p junction solar cell. By using a
two-dimensional transport equation, it is shown that the
minority carrier injection in this region is simply described
by an ERV. This approach allows for an accurate
description of the complex minority-carrier transport in
the polysilicon region, in the dark and underillumination,
by a simple model.

The poly/mono-interface is described by the same
expression of the ERV obtained in [16], including the

new expression of ERV established for polysilicon layer
with columnar grain boundaries.

The minority-carrier transport in the non-uniformly and
heavily doped single-crystal emitter is developed using the
average value approach presented in Ref. [17] which gives
more accurate results.

The increase in the photovoltaic solar cell parameters,
due to polysilicon, is derived. The dependence of the
emitter reverse saturation current density J,gp, the light-
generated current density J, tp, the open-circuit voltage
Ve, and the conversion efficiency # on the cell parameters
is discussed.

2. Theory
2.1. Emitter reverse saturation current density

A two-dimensional schematic diagram of the n " —p solar
cell with a polysilicon emitter, including the physical and
structural parameters and the doping profile are given in
Fig. 1. Table 1 shows all the physical parameter values
used.
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Fig. 1. Schematic diagram of a two-dimensional model of an n ™ —p solar cell with polysilicon contact on the front surface, including various physical and

structural parameter symbols.

Table 1

Physical parameter values

Parameter Value Ref.
Wem 0.3 um

/8 0.05 um

448 50 pm

N, 10 ¢m ™3

Ny 6x10%cm™

Vs 20mV [13]
Sm 3.3x 10%cms™! [16]
Sh 102cms™!

Ve 10°cms™!

Sis 1.6 x 103cms™! [13]
Sip 1.6 x 10°cms™! [13]

The emitter consists of a polysilicon layer (AB), an
interfacial oxide layer (BC), and a single-crystal silicon
layer (CD). The holes are injected from the p-base over the
junction, cross the segregation potential barrier on
the single crystal side, and then tunneled through the
interfacial oxide into the polysilicon region. The idea is to
obtain the emitter reverse current density equal to
hole current density injected into the emitter at D (at
X = Wpoly+5 +I/V<)

To do so, we modeled the polysilicon region and the
poly/mono-interface by an ERV. Our model includes: non-
uniform doping concentration in the single-crystal emitter
(gaussian profile); diffusion, and recombination in the bulk
of the crystal silicon region; tunneling through the native

oxide at the polysilicon/silicon interface; columnar grain
orientation; diffusion and recombination in the bulk of the
grains, and recombination at the grain/grain boundary
interfaces.

2.1.1. Modeling of the polysilicon emitter

The polysilicon layer has a thickness W,y and is
terminated by a metal contact (see Fig. 1). Recombination
at the metal contact can be characterized by a recombina-
tion velocity Sys.

In most previous works [1-4,13,15], the polysilicon layer
is assumed to be a simple region which is formed by one
monocrystalline grain having average values of the hole
diffusion length and mobility. In other works [14,16], the
polysilicon layer is considered as a succession of grains
limited by grain boundaries oriented parallel to the n—p
junction, and is characterized by an ERV.

In our approach, we consider a columnar grain texture
for the polysilicon emitter layer, in which the grain
boundaries are oriented perpendicularly to the n—p
junction (Fig. 1). Each grain is considered to be a single
crystal silicon of width d,. The grain boundary is assumed
as a plan characterized by a recombination velocity V.
Similarly to the previous texture [14,16], where the grain
boundaries are oriented parallel to the n—p junction, the
polysilicon layer can also be modeled by an ERV S,
which is calculated by solving the two-dimensional
continuity equation and the current transport equation in
grain volume.
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The minority-carrier continuity equation in the n-type
region is given by the following expression:
O App P App A
Y4») + Y4») _ 1;D — 0’ (1)
0x?2 0z2 L,

where App is the excess hole density at the dark and L, the
hole diffusion length.
The two boundary conditions in the x-direction are

oA
Atx=0, Dy PRl = 5y Applx = 0:z], )
ox |,
0Ap
At x = Wiy, DPlWD = Spoly App [x = Whoolys Z].
T =Wholy
3)
The two boundary conditions in the z-direction are
oA
2Dy, apD = +VgApplx;z =0, (4)
Z =0
0Ap
2Dy, = D = —VgApp|x;z=d,], (5)
z z=dg

where V, is the recombination velocity at the grain
boundary.
The injected current density in the polycrystalline emitter
is given by
Dy (%3 App(x,2)
J =q—> — dz. 6
poly,D q dg o ox Z ( )

poly

x=W

So, the ERV S,y that thoroughly accounts for hole
injection into the polysilicon, can be expressed as

)
Sy — di 5 { 8 sin*(Cyd,/2) }

ez | Cidg + Cisin(Cidy)

12—’: tanh (—WL"fly> + Sm
x SmLi Wooty\ @

where 1/L7 = Ci+1 leal. Cy coefficients are the solu-
tions of the transcendent equation:

Ced, V,
t =
g( : ) e ®)

and D, is the hole diffusion coefficient in the monocrystal-
line grain.

2.1.2. Modeling of the interface

Due to the process of depositing polysilicon on the
single-silicon emitter, an insulating layer is introduced
between the polysilicon and silicon. Its thickness depends
on chemical treatment prior to polysilicon deposition
[5,18]. The holes are assumed to cross the potential barrier
by thermionic emission, and then to tunnel through the
oxide layer. The poly/mono-interface can be described by
an ERV S, which accounts for hole transport across the
interface, hole diffusion into the polysilicon, and surface

recombination given by [16]

Spoly + Sip

Speir = Sis + Tig PR T 20
peff is + 1is Tip + Spoly + Sip

)
where S;, and Sj, represent the interface recombination
velocity at both sides of the interfacial oxide. Tj, and Ti
represent ‘average’ velocity of the holes at the boundaries B
and C, respectively, and depend on the physical mechanism
controlling the hole flow at the interface. In our calculation
Tip and T, are taken from the model of Ma et al. [13]. Spory
is the ERV given by Eq. (7) which characterizes the effect
of the polysilicon layer on the behavior of the minority
carriers in the crystalline emitter.

2.1.3. Modeling of the crystalline silicon emitter

In almost most of the previous polysilicon emitter
models (bipolar transistor or solar cell) [1,2,13], the hole
current density injected into the single-crystal emitter is
calculated by neglecting bulk recombination (transparent
emitter). This approximation is reasonable in metal
contacted emitters, due to the high value of the contact
recombination velocity Sy;. The bulk recombination is then
neglected with respect to the contact recombination current
[19]. However, this approximation is invaluable for
polysilicon emitter contact due to the much lower value
of Sperr [20]. This has been demonstrated by the experi-
mental results relative to devices with a deliberately grown
interfacial oxide [18].

It has been shown that the emitter reverse saturation
current density injected into a single-crystal emitter for any
contact recombination velocity, S, may be accurately
calculated by a simple approximate expression using the
average value approach [17] which takes into account bulk
recombination:

(M) tanh (&) +S

Legr Lefr

JoE = qpo(O)1 N (%:éf)tanh (L%) )

(10)

where zar = poO)Ws/ [ (po()/ 120y, Desr = W /po
0)/ Jo *(@dy/Dp()po(¥)), Lot = V/Deriterr as defined in
Ref. [17].

Tp2 and Dy, represent the hole lifetime and diffusion
coefficient in the single-crystal region, respectively [21],
while, 7. and Degy represent their average value. L is the
average value of the diffusion length in the single crystal.
Po(») is the minority-hole concentration which takes account
of the position-dependent doping and band-gap narrowing.

Replacing the contact recombination velocity S in
Eq. (10) by Sperr (Sm), a general analytical formulation
for emitter reverse saturation current, Jogp (Jogm), for
polysilicon (metal) contacted devices is obtained.

2.2. Emitter light-generated current density

The light-generated hole current density, J,i g p(4), in the
emitter consists of two contributions from the polysilicon
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and the single-crystal regions. It can be written at
X = Wyoiyto+W; (at x = D) as

JpLEP(A) = JpLE poly(A) + JpLE mono(4). (11)

2.2.1. Single-crystal emitter light-generated current density

The current continuity equation for minority carriers,
generated by a monochromatic light in the single-crystal
emitter region, with an arbitrary doping profile and using
our average value approach [17] is given as follows:

Cu() w@)_ 1
dy’ Lgff Detr

g(»). (12)
up(y) is the light-generated normalized excess hole con-
centration. The term g(y) is the generation rate of minority
carriers (holes).

Using the following boundary conditions:

up =0 aty=D (13)
du

Deffd—L = Speriur,  aty = C, (14)
X

the solution of the current continuity equation (Eq. (12)) is
given by
gl o exp[—o(Wpoty + 0)I(1 — R)oLesr
(L% — 1)
(otLetr + (Spefr Lefr / Defr)) — exp(—a W)
< X [(Speir Leir / Deir)cOSh( W / Leir) + sinh(W/ Leir)] )
(Spetr Ler / Degr) sinh(W s/ Legr) + cosh (W / Legy)

J pLE,mono =

— oLegr exp(—aWs) 3.

(15)

The ERV Sy is calculated from Eq. (9).

2.2.2. Polysilicon emitter light-generated current density

The light-generated excess carriers in the polysilicon
region must be collected at the poly/oxide interface (at
x = B) cross the segregation potential barrier s and tunnel
through the interfacial oxide to enter the bulk. Then the
carriers diffuse across the entire single-crystal emitter
region to reach the junction. Only the carriers surviving
recombination can contribute to the short-circuit current.

We are now considering the poly/oxide interface
property. Holes are minority carriers on both side of
poly/oxide interface. They may cross the interfacial layer
and reach the single-crystal emitter. If Apy ¢ p)(4) repre-
sents the light-generated excess hole concentration at
x = B, then the boundary conditions in the x-direction
can be written as

0Ap;.

atx = A,
o 0x x=0

= SmAp[x;2] (16)

Apy[x;z] = Apr sy atx=B. (17)

The two boundary conditions in the z-direction are the
same as those given by Egs. (4) and (5).

The solution of the two-dimensional current continuity
equation subject to the above boundary conditions is given,
at B by:

g ~—1To(1 — R)aLy 8 sin*(Cyd,/2)
JoLE poly(at B)(4) = — .
pLE,poly( tB)(4) dg/;) (OCZLi ) Cidg + Cy sm(deg)

(«SM1¢/DW>+aLQ~—emx—awgmp )

x [(SmLi/Dp1)cosh(W pory / Li) + sinh(W pory / Li)]

X -
(SmLi/Dp1) sinh(W o1y / Li) + cosh(W pory / Li)

— oLy exp(—oWpoly)

q 3 8 sin*(Crd,/2)

dy =4 | Cidy + Ci sin(Cidy)
(Dp] /Lk)tanh( Wpoly/Lk) + SM

X VL (at B)-

18

[+ (Sw L/ Dynanh(Wpory /L) (19
Eq. (18) can be written as

JpLE poly(at B) = JpLEOpoly — ¢ SpolyAPL(at B)» (19)

where J,1 ko poly 15 the hole light-generated current density
in the polysilicon region collected at the polysilicon/oxide
interface (x = B) when Apy gy =0, and Sp,.1y is the ERV
given by Eq. (7). The value of J,1 g poly (at By €an be obtained
if Ap1(acB) is known. For the boundary condition at x = B,
we also have

JpLE,poly (at B) = queff ApL(at B)* (20)
Substituting Eq. (20) into (19) gives
J pLEO,pol
A = POy 21
PLacs) q(Spoly + Smeff) ( )

By combining Egs. (20) and (21), we can rewrite Jy,1 g poly(at B)
in a more explicit form as

JpLEO, poly
1+ Spoly/Smeff ’

The physical meaning of the ERV S, is that it accounts
for the effects of the single-crystal emitter on the minority
carriers of the polysilicon region. Therefore, referring to
Eq. (9), Smetr is simply obtained as
‘ Smono + Sis

* Tis + Smono + Sis .
To determine the ERV of the single-crystal emitter, Si,ono,
we concentrate on the surface at x = D. Note that the light-

generated excess hole density Apy , p is zero, since there is
the equivalent of an infinite effective surface recombination

JHLE poly(at B) = (22)

Smeff = Sip +T (23)
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velocity at x = D. Therefore, referring to the expression
(14) of Ref. [22] and using the average value approach,
Smono, 18 simply obtained as

Dcff ( Ws>
—————coth(—|. 24
Po(0) Legr Lesr @4

Next, we should consider the recombination and tunnel
losses crossing the interfacial layer. Current continuity at
the poly/mono interface yields

Smono =

JpLE poly(at B) = JpLE, poly(at C) + ¢Sip ApL(at B) T qSiSApL(at C)-
(25)
Using the light-generated excess hole concentration ratio
across the interface given by Ref. [16],
_ Apyat ¢ _ Tip
ApL(at B) Tis + Sis + Smono ’

(26)
the hole current collected at the oxide/silicon interface
(x = C) is obtained as

JpLE, poly(at C) = JpLEO, polprfoa (27)

where F,_, is the poly—oxide factor given by

_ Smeff - (Sip + ,BSis)
pe Smeff + Spoly .

F (28)
Therefore, a general equation for the light current collected
at the oxide/silicon interface is then expressed simply as
the current Jypgopoly reduced by F, . The expression
(Eq. (27)) is similar to the one established by Dai et al. for
the light current collected by the high-low n" —n junction
front-surface-field (FSF) solar cell [22].
Substituting Egs. (23) and (26) into (28) results in

1

SisTip + (Spoly + Sip)(Tis + Sis + Smono).
+
Smono Tip

Foo=

(29)
1

This shown that the poly—oxide factor, F,,_,, is a function
of device parameters and is easy to determine when the
parameters are provided.

Finally, we should consider the recombination loss in the
single-crystal region. The hole current J,,1 g, pory collected at
the depletion region x = D is easily derived as

W,
JpLE,poly = JpLEO,polprfoseCh (L b)- (30)
eff
Eq. (30) gives the final expression of the contri-
bution of light-generated hole current in the polysilicon
region.

2.3. Photovoltaic parameters

The light-generated hole current density, Jyi 1, p in the
polysilicon emitter solar cell is the result of contributions
from three regions: the emitter region (polysilicon and
single-crystal region), the base region, and the space charge
region.

The increase in the light-generated hole current is
given by

AJprt = Jort, P — JpLT, M> (31)

where Ji, 1, m is the light-generated hole current density in
a solar cell without polysilicon layer.

The expressions of the open-circuit voltage, with and
without polysilicon layer solar cell, are given, respectively, by

N JpLT,P
Voep = V1 Ln <JoEP+JoB) , (32a)
and
Voem &~ V1 Ln <M> (32b)
JoEM + JoB

The increase in open-circuit voltage is

AVoc = VocP - VocM

~ AJprt 1+(J0EM/J0B)):|
r LHKI * JoLT, M> <1 + (Jorr/JoB) ) | (33)

We consider three cases of Eq. (33):

(a) when the base reverse saturation current density is
greater than the emitter reverse saturation current
density, for both metal and polysilicon contact emitter
solar cells (Jog>Jogm and Jogp), Eq. (33) becomes

AJ
AV~ Vr Ln(l +L2L;> (34)
pL1,

(b) when J,g<Jopm and Jogp, Eq. (33) will be

J AJ
AV n Vi Ln[ oEM (1 +ﬂ>} (35)
JoEP JpoLT.M

(c) when J,g<J,gm but Jog>Jogp, Eq. (33) gives

+ At > } . (36)

JoLT M

J
AVee ~ Vo Ln{ oEM <1
JOB

The maximum output power, per unit area, that can be
obtained from the cell is given by

Pup = VipJmp- (37a)

Here V,p and J,p are obtained from the following
equations [23]:

VmP> < VmP> JoLT,P

l+—)exp|l— | =14+ —"""">—. 37b

< v )P\ (JoEP + JoB) G7b)
Vimp(Jopp + J V

Jmp = me( O;l; oB) exp( VH;P) (37¢)

The increase in maximum output power is

AP = Ppp — Py (37d)
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The increase in conversion efficiency for 1 Sun AMI is
then:

AP
An(%0) = np(%0) — (%) = 5100, (38)
where P, the incident power for 1 Sun AMI1 (P, =
0.1 Wcem™?).

3. Results and discussion

3.1. Effect of the polysilicon layer on the emitter reverse
saturation current density of polysilicon emitter solar cells

In Section 2.1.3, an expression for the emitter reverse
saturation current density, J,gp, With polysilicon layer on
the front surface of an n™ —p silicon solar cell, using the
average value approach and an ERV method, is derived.
Fig. 2 shows the variation of J,gp versus polysilicon
thickness Wy for different grain widths d, and for devices
without a deliberately grown interfacial oxide layer
(06 =3A).

It may be noted that, for d, = 0.01 pm, J,gp for devices
having polysilicon thickness greater than about 0.05 um is
almost constant, due to the large recombination at the
grain boundary. However, when the poly thickness is
reduced below the hole diffusion-length in the polysilicon
region (L — ;) =0.06pm for d, =0.01 um), the current
increases as poly thickness is reduced below ~ 0.05pum.
When the grain width, d,, is more than 0.01 pum, the
recombination at the grain boundaries is less important
and the minority carrier holes can reach the surface of the
poly and get recombined, thereby increasing the J,gp value
with decreased poly thickness. This is consistent with the
experimental results shown in Refs. [12,24]. It is interesting
to note that the emitter reverse saturation current density,
for devices without polysilicon layer, i.6 Wyo1y =0 (JoEm), 18

0.8 T T T T T T T

0.7

0.6

0.5

0.4

03 1

Emitter reverse saturation current density
Jogp (x10712) (Alem?)

0'2 1 1 1 1 1 1 1
0.0 0.05 0.10 0.15 0.20

Polysilicon thickness W, (um)

Fig. 2. Reverse saturation current density for polysilicon emitter solar
cells versus polysilicon layer thickness for different grain width and for
devices without deliberately grown interfacial oxide (6 = 3 A).

lower than the one having a thin polysilicon layer
(Wpoty=0.005 pm) over the substrate for all grain width.
This can be attributed to the fact that the emitter Gummel
number in the former case is larger due to deeper junction
compared to that in the latter where the junction depths
are much shallower (W;=0.05um and W,,=0.3 um) Refs.
[24,25]. The same experimental shape is observed in [12,24].
For devices with a deliberately grown interfacial oxide
layer (0 =14 A [5]), the hole reverse current decreases
importantly but becomes insensitive to polysilicon property
(poly thickness, grain width, grain boundary recombina-
tion velocity,...). It can be deduced that the thickness of
the interfacial oxide layer is an important parameter that
controls the hole current.

3.2. Effect of the polysilicon layer on the photovoltaic
parameters of polysilicon emitter solar cells

Fig. 3 shows the variation in the total light-generated
current density of an n'—p solar cell with polysilicon
contact on the front surface as a function of poly thickness
for different grain widths. It can be noted that, for a thin
deposited polysilicon layer (Wqy = 0.005pum), the total
light-generated current increases and takes a maximum
value (AJ, 1t =3.6 mA/cm? which corresponds to an
increase of ~11% in Jyr1). This improvement is due to
three reasons. Firstly, it results from the reduced thickness
of the single-crystal emitter (i.e., the junction depth) which
consequently enhances the contribution of short-wave-
length light to the total light-generated current since, with a
shallow emitter, the short-wavelength light would also be
absorbed in the base where the generated carries are
collected more efficiency [26]. Secondly, it also results from
the contribution of the polysilicon layer to the total light-
generated carriers. Finally, it also results from the reduced
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Fig. 3. Variation in the increase in light-generated current density for
polysilicon emitter solar cells versus polysilicon layer thickness for
different grain widths and for devices with and without deliberately
grown interfacial oxide.
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loss of light-generated carriers at the single-crystal emitter
surface. However, this improvement decreases with in-
creased poly thickness from 0.005 um due to the absorption
of the short-wavelength light in the polysilicon front
region. For a given poly thickness, this improvement in
total light-generated current decreases with (1) the decrease
of the grain width due to the large recombination of the
light-generated carriers at the grain boundaries, and with
(2) the increase of interfacial tunnel oxide which prevents
the light-generated holes in the polysilicon region to join
the junction (at D). This loss can be minimized by taking
the minimum polysilicon thickness with large grain width,
and the suitable chemical treatment prior to polysilicon
deposition which can offer the necessary decrease in the
reverse saturation current (and consequently an improve-
ment in photovoltaic parameters).
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Fig. 4. Variation in the increase in open-circuit voltage for polysilicon
emitter solar cells versus polysilicon layer thickness for different grain
widths and for (a) devices without deliberately grown interfacial oxide
(6=3 A). (b) devices with deliberately grown interfacial oxide (6 = 14 A).
The grain width does not have any effect on open-circuit voltage.

The expression for the increase in open-circuit voltage
AV is given in Section 2.3 by Eq. (33). For lower doping
base levels (higher substrate resistivity), the emitter reverse
saturation current densities Jogv and Jogp are much
smaller than those of the base J,g even though the back
surface is passivated. Consequently, AV, can be obtained
by the approximate expression given by Eq. (34). In this
case, the increase in V. is obtained from the increase in
light-generated current density. This increase is quite small
(AVoc~2.5mV) for a maximum expected increase of 7% in
Jorp (AJprt/Jpm = 7%). For higher doping base levels
(lower substrate resistivity) and passivated back surface,
the emitter reverse saturation current density is much
larger than that of the base (Jogm > JoB)-

When J,gp> Jop (for devices without deliberately grown
interfacial oxide), the increase in open-circuit voltage AV,
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Fig. 5. Variation in the increase in conversion efficiency for polysilicon
emitter solar cells versus polysilicon layer thickness for different grain
widths and for (a) devices without deliberately grown interfacial oxide
(0=3 A). (b) devices with deliberately grown interfacial oxide (6 = 14 A).
The grain width does not have any effect on conversion efficiency.
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can be obtained by Eq. (35). In this case, an increase in Vo,
is governed by the decrease in J,gp Which depends, as is
shown in Fig. 2, on polysilicon thickness, grain width, and
interfacial oxide thickness.

Fig. 4(a) shows the variation of the increase in the
open-circuit voltage AV, calculated from Eq. (33), as a
function of poly thickness for different grain widths and
for devices with higher doping-level (N, = 610'®cm™) and
without a deliberately grown interfacial oxide layer
(0 =3A). It can be seen that the improvement in open-
circuit voltage increases by increasing poly thickness
and/or grain widths, which allows to decrease J,gp [see
Fig. 2] and AJ, 1 (see Fig. 3). This confirms that the
decrease in Jygp essentially accounts for the increase
observed in AV..

When Jygp<J,p (for devices with deliberately grown
interfacial oxide), the increase in open-circuit voltage AV
can be obtained by Eq. (36). In this case, greater
improvements in V,. can be achieved from polysilicon
contact solar cell.
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Fig. 4(b) shows the variation of the increase in the open-
circuit voltage AV, calculated from Eq. (33), as a function
of poly thickness and for devices with higher doping-level
(Np = 610" cm™?) and deliberately grown interfacial oxide
layer (6 = 14 10\). As is expected from Eq. (36), a very large
improvement in open-circuit voltage is shown (AV .~
60mV for thin polysilicon layer). The slight decrease
observed in open-circuit voltage with increasing poly
thickness is essentially due to the decrease in light-
generated current (see Fig. 3).

The variation in conversion efficiency are calculated
from Eq. (38), and are plotted against poly thickness as
shown in Figs (5a) and (b). The enhancement of efficiency
with poly thickness for thin interfacial oxide follows a
trend similar to that of the light-generated current. A great
enhancement is observed for thin polysilicon layer; this
enhancement decreases with poly thickness and grain
widths.

Greater improvements in efficiency can be achieved from
the polysilicon contact solar cell in devices with a
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Fig. 6. Variation in (a) light-generated current density; (b) open—circuit voltage; (c) conversion efficiency versus cell thickness for: 1. cells with polysilicon
contact on the front surface and 2. cells without polysilicon contact on the front surface. The polysilicon thickness W1, = 0.05um and the interfacial

oxide § = 14A.
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deliberately grown interfacial oxide with thin polysilicon
layer whatever the grain widths are (see Fig. 5(b)).

Figs. 6(a—c) show the effect of base thickness on the cell
parameters for solar cells with and without polysilicon
contact on the front surface. The base-doping level varies
with the base thickness; it is chosen to give a maximum
efficiency. A conservative value for the back-surface
velocity of 10°cms™' is considered. It is clear that the
polysilicon contact on the front surface improves the cell
parameters (JoL 1, Voo and n) significantly whatever the
base thickness is. Thus, from these results, the emitter
region should not be regarded as a ‘dead layer’ because the
thin polysilicon layer front surface contact can result in an
increase in open-circuit voltage, light-generated current,
and conversion efficiency.

4. Conclusion

In this paper, an analytical model to simulate the
performance of solar cells with polysilicon contact on the
front surface has been developed. The polysilicon layer is
considered to consist of a columnar grain structure and is
modeled by an ERV using a two-dimensional transport
equation. The transport equation in the single-crystal
emitter is solved using the average value approach taking
into account the bulk recombination and the non-
uniformly doped emitter. Then simple analytical expres-
sions for the emitter reverse saturation current and light-
generated current densities are obtained. The collection of
the light-generated carriers in the polysilicon layer has been
discussed and the analytical solution for the contribution
of the light-generated current from the polysilicon contact
emitter is derived. From our model calculation, it may be
concluded that the polysilicon layer with the native
interfacial oxide at the front surface can, in effect, passivate
the front surface, which result in a decrease in emitter
reverse saturation current density. In addition, the
deposited polysilicon layer can improve the light-generated
current due to: the reduced thickness of the junction depth;
the light-generated carriers within polysilicon layer; and the
reduced loss of light-generated carriers to the single-crystal
emitter surface.

Greater improvements in open-circuit voltage and
efficiency can be achieved from polysilicon contact solar
cells in devices with a deliberately grown interfacial oxide

with thin polysilicon layer whatever the grain width and
cell thickness. From the established results, the emitter
region should not be treated as a ‘dead layer’ because
the thin polysilicon layer front surface contact solar cell
show about 60mV increase in open-circuit voltage,
~3.6mAcm > improvement in light-generated current,
and ~3.9% increase in absolute cell efficiency compared
to conventional solar cells.
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